Introduction
============

Osteoblasts serve an important role in bone formation and remodeling, which is active throughout life ([@b1-ijmm-41-05-2535]). It has previously been demonstrated that the differentiation of osteoblasts is likely to affect bone formation ([@b2-ijmm-41-05-2535]). Deficiencies in osteoblast differentiation and function have been reported to be involved in various pathologies, including osteoporosis, delayed bone fracture healing and osteonecrosis ([@b3-ijmm-41-05-2535],[@b4-ijmm-41-05-2535]). Mineralization of the extracellular matrix represents the terminal stage of osteoblast differentiation and is thought to be a sign of osteoblast maturation ([@b5-ijmm-41-05-2535]).

Adenosine monophosphate (AMP)-activated protein kinase (AMPK) is a heterotrimeric complex that is comprised of a catabolic α subunit, and regulatory β and γ subunits; the isoforms of these subunits are widely expressed in various tissues, including bone ([@b6-ijmm-41-05-2535]). The activation of AMPK turns on catabolism and turns off anabolism, and it a key sensor of energy homeostasis ([@b7-ijmm-41-05-2535]). The activation of AMPK can be mediated by AMP, or its upstream kinases, including the tumor suppressor liver kinase B1 and calmodulin kinase kinase ([@b8-ijmm-41-05-2535]). Physiological stressors, including low nutrient levels, prolonged exercise or pharmacological inducers \[5-aminoimdazole-4-car boxamide-1-β-D-ribofuranoside (AICAR) and metformin\] can lead to the activation of AMPK. The AMPK pathway coordinates cell growth, autophagy and metabolism via transcription and direct effects on metabolic enzymes ([@b9-ijmm-41-05-2535]). Previous studies have confirmed that activation of AMPK positively regulates osteoblast differentiation and mineralization via numerous pathways, for example, by inhibition of the mevalonate pathway and stimulation of endothelial nitric oxide synthase (eNOS) and bone morphogenetic protein (BMP)-2 expression, and by induction of Dlx5-dependent runt-related transcription factor 2 (Runx2) expression ([@b10-ijmm-41-05-2535],[@b11-ijmm-41-05-2535]).

Autophagy refers to a cell degradation process whereby cytoplasmic materials, including aggregates, long-lived proteins and damaged organelles, are transported to lysosomes for degradation and the content is recycled ([@b12-ijmm-41-05-2535]). Autophagy has a critical role in physiological conditions, and autophagic deficiency is associated with certain diseases, including infectious diseases, cancer and neurodegeneration ([@b13-ijmm-41-05-2535]). Autophagy in osteoblasts is involved in mineralization and bone homeostasis; notably, autophagic vacuoles have been reported to act as vehicles for secretion of mineralization matrix ([@b1-ijmm-41-05-2535]). The UNC-51-like autophagy activating kinase (ULK) complex, which consists of ULK-1/2, autophagy-related protein (ATG)-13, ATG-101 and FIP200, initiates the autophagy process ([@b14-ijmm-41-05-2535],[@b15-ijmm-41-05-2535]), and the mammalian target of rapamycin (mTOR) has been recognized as a major pathway that regulates autophagy ([@b16-ijmm-41-05-2535]). Furthermore, it has been suggested that AMPK can induce autophagy by directly activating ULK1 or via the inhibition of mTOR ([@b9-ijmm-41-05-2535]). However, the association between AMPK, autophagy, and osteoblast differentiation and mineralization remains to be fully elucidated.

The present study aimed to explore whether activation of AMPK could enhance osteoblast differentiation and mineralization via the induction of autophagy.

Materials and methods
=====================

Reagents and antibodies
-----------------------

AICAR (cat. no. HY-13417), compound C (cat. no. HY-13418A), 3-methyladenine (3-MA; cat. no. HY-19312) and chloroquine diphosphatase (CQ; cat. no. HY-17589) were purchased from MCE China (Shanghai, China). Ascorbic acid, β-glycerophosphatase, and reagents used in Masson staining, Alizarin red staining and electron microscopy sample processing were obtained from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). Anti-AMPKα (rabbit anti-mouse, monoclonal, cat. no. ab32047) and phosphorylated (p)-AMPKα (rabbit anti-mouse, monoclonal, cat. no. ab133448 for western blotting, and rabbit anti-mouse, polyclonal, cat. no. ab194920 for immunohistochemistry), microtubule-associated proteins 1A/1B light chain 3B (LC3B; rabbit anti-mouse, polyclonal, cat. no. ab48394), p62 (mouse anti-mouse, monoclonal, cat. no. ab56416) and β-actin (mouse anti-mouse, monoclonal, cat. no. ab8226) were purchased from Abcam (Shanghai, China).

Rabbit model of radius nonunion
-------------------------------

A total of 24 male New Zealand white rabbits (age, 12 weeks; weight, 2.0-2.5 kg; obtained from Wuhan Wanqianjiahe Experimental Animals Co Ltd., Wuhan, China; cat. no. 42010000001221) were used in the present study. The animals were housed individually in rabbit cages under a 12-h light/dark cycle (on between 7:00 a.m. and 7:00 p.m.) with unrestricted access to food and water, and under specific pathogen-free (SPF) conditions at a constant room temperature of 22-24°C. The animal experiments were conducted according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals ([@b17-ijmm-41-05-2535]), and the present study was approved by the Wuhan University Zhongnan Hospital Research Committee (Wuhan, China). Rabbits were randomly assigned into two groups: The nonunion group and the healing group (n=12 rabbits/group). The rabbits were anesthetized with an intravenous injection of 30 mg/kg pentobarbital sodium solution. In the nonunion group, bilateral 20 mm bone defects were created in the middle portion of the radiuses. For the healing group, 10 mm bone defects were made in the middle portion of both radiuses ([@b18-ijmm-41-05-2535],[@b19-ijmm-41-05-2535]). The normal bone was treated as the control group. The bone defects in both groups were not filled with any material ([@b20-ijmm-41-05-2535]) and the incisions were closed using 5-0 sutures. Calluses in the fracture ends were obtained from three rabbits (sacrificed prior to callus collection) every 4 weeks following surgery (4, 8, 12 and 16 weeks). After decalcification by 10% EDTA (pH 7.2-7.3) at 37°C for 14-60 days (when the calluses became soft and could be cut using a knife), the calluses were fixed in 4% paraformaldehyde at room temperature for 24 h, embedded in paraffin, sectioned (4-mm thick sections) and examined by Masson staining and immunohistochemical staining (primary antibodies against AMPK, p-AMPK, LC3B and p62 were employed). Radiographs were captured of each forelimb 16 weeks post-operation.

Masson staining
---------------

The paraffin-embedded sections were deparaffinized and rehydrated through graded alcohol (100% for 5 min, 95% for 3 min,and 70% for 2 min), and then washed in distilled water for 2 min. Then the sections were stained in Weigert\'s iron hematoxylin working solution for 10 min and rinsed under running warm tap water for 5 min. The sections were then differentiated in 1% hydrochloric acid (dissolved in alcohol) for 5 sec and rinsed under running warm tap water for 5 min. The sections were then stained by xylidine ponceau and acid fuchsin solution for 4 min and rinsed under tap water for 1 min. Afterwards, the sections were differentiated in 1% phosphomolybdic acid for 5 min and spin-dried and then stained in aniline blue solution for 5 min. The sections were rinsed in 1% glacial acetic acid for 1 min and washed with distilled water. The sections were then quickly dehydrated through 95% alcohol, absolute ethyl alcohol and cleared in xylene. Finally, they were mounted with Permount™ mounting medium and observed under a Nikon E100 microscope (Nikon, Tokyo, Japan).

Immunohistochemistry
--------------------

Briefly, the sections were cleared in xylene and dehydrated in ethanol. Antigen retrieval was then performed using 10 mmol/l sodium citrate buffer solution. Afterwards, endogenous peroxidase was blocked by 3% H~2~O~2~ for 15 min. The sections were then incubated in 10% normal goat serum followed by incubation with rabbit monoclonal (or polyclonal) primary antibody overnight at 4°C, and incubated with horseradish-peroxidase conjugated secondary antibody (goat anti-rabbit) and washed 3 times with PBS buffer for 5 min each. DAB was added to the stain and then the slides were immersed and washed by distilled water. Finally, the sections were dehydrated in 95% ethanol, 100% ethanol, and xylene and mounted and observed under a Nikon E100 microscope (Nikon).

Cell culture
------------

Mouse MC3T3-E1 osteoblasts (cat. no. GNM15) were purchased from Cell Bank of Chinese Academy of Sciences (Shanghai, China) and were cultured in α-minimum essential medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin. For osteogenic differentiation and mineralization, cells were maintained in medium supplemented with ascorbic acid (50 *μ*g/ml) and β-glycerol phosphatase (10 mM). The medium was changed every 3 days. Cells were treated with AICAR (10 *μ*m) in the presence or absence of 3-MA (5 mm) or CQ (10 *μ*m) for 24 h at 37°C. Cells in the control group were treated with PBS.

Transmission electron microscopy
--------------------------------

After the indicated time and treatment, MC3T3-E1 cells were fixed with 2.5% glutaraldehyde in 0.1 M sodium dihydrogen phosphatase (pH 7.4) for 4 h at 4°C and were then fixed with 1% OsO~4~ for 1 h at room temperature, followed by dehydration using graded ethanol solutions and gradual infiltration with epoxy resin. Ultra-thin sections (60--80 nm) were stained with uranyl acetate and lead citrate, and were observed under a transmission electron microscope (Hitachi H-7500; Hitachi, Ltd., Tokyo, Japan). In addition, the density of autophagosomes was calculated using the following formula: Number of autophagic vacuoles/number of osteoblasts, as previously described ([@b21-ijmm-41-05-2535]); the values are presented relative to the control group.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis
-------------------------------------------------------------------------------

The mRNA expression levels of alkaline phosphatase (ALP), osteocalcin (OCN), Runx2 and β-actin were determined by RT-qPCR using SYBR-Green. Total RNA was extracted using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. Subsequently, \~1 *μ*g RNA underwent RT, in order to generate single-stranded cDNA. Total RNA (500 ng) was reverse-transcribed using RevertAid M-MuLV RT, oligo(dT)18 (cat. no. 639505; Takara, Dalian, China) in a 20-*μ*l system according to the manufacturer\'s instructions. Reactions were incubated at 42°C for 60 min, then 70°C for 5 min and 16°C hold. The thermal conditions for qPCR (Kapa Biosystems, Boston, MA, USA) were as follows: 95°C for 5 min, followed by 40 cycles at 94°C for 15 sec, 60°C for 1 min and 70°C 30 sec. The final extension step was 70°C for 5 min and hold at 4°C. β-actin was used as the internal control gene. The primer sequences were as follows: ALP, forward 5′-AACCCAGACACAAGCATTCC-3′, reverse 5′-GAGAGCGAAGGGTCAGTCAG-3′; OCN, forward 5′-TGCTTGTGACGAGCTATCAG-3′, reverse 5′-GAGGACAGGGAGGATCAAGT-3′; Runx2, forward 5′-AAGTGCGGTGCAAACTTTCT-3′, reverse 5′-TCTCGGTGGCTGGTAGTGA-3′; Beclin 1 (BCN1), forward 5′-GTTGCCGTTATACTGTTCT-3′ and reverse 5′-TTTCCACCTCTTCTTTGA-3′ and β-actin forward, 5′-CCCATCTACGAGGGCTAT-3′ and reverse, 5′-TGTCACGCACGATTTCC-3′. All reactions were performed in triplicate and the 2^−∆∆Cq^ method was used to quantify the results ([@b22-ijmm-41-05-2535]).

ALP activity assay
------------------

Before the cells were used for ALP activity assay and mineralization assay, they were cultured for a few days and the 6-well plates had a cell density of about 2.5×10^6^/well. ALP activity was measured by 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT) staining. Cells (2×10^5^/well) cultured in 6-well plates (culture medium, 2 ml/well) were fixed with 4% paraformaldehyde and washed three times with double-distilled water, after which they were treated with BCIP/NBT solution (cat. no. C3206; Beyotime Institute of Biotechnology, Shanghai, China) for 30 min at 37°C; staining images were then captured using an Olympus IX50 microscope (Olympus, Tokyo, Japan).

Mineralization assay
--------------------

Cells (2×10^5^/well) were rinsed three times with PBS and were fixed with 4% paraformaldehyde for 1 h at 4°C, after which they were washed three times with double-distilled water and stained with 1% Alizarin red solution (pH 4.3) for 30 min at room temperature; the dye was removed with water. Images of the stained cells were then captured using an Olympus IX50 microscope (Olympus). For quantitative analysis, the stained cultures were destained with 100 mmol/l cetylpyridinium chloride for 1 h at room temperature. The absorbance of the released stain was measured at 550 nm and is presented relative to the control group.

Western blot analysis
---------------------

Cells were rinsed three times with ice-cold PBS and were lysed in lysis buffer \[30 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% NP-40; Bio-Swamp, Shanghai, China\] containing 1 mM phenylmethylsulfonyl fluoride. Protein concentration was determined using a bicinchoninic acid assay (cat. no. P0009; Beyotime Institute of Biotechnology) assay. Protein samples (10 *μ*g) were separated by 12% SDS-PAGE and electrotransferred to polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). The membranes were blocked with 5% non-fat milk/Tris-buffered saline containing 0.05% Tween followed by incubation overnight at 4°C with antibodies against total-AMPKα, p-AMPKα, p62 and LC3B (1:1,000 dilution). Appropriate peroxidase-conjugated secondary antibodies (goat anti-rabbit IgG; Bio-Swamp) were used to detect specific antibody binding. Protein bands were visualized using a chemiluminescence kit (cat. no. 32106; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. ImageJ software version 1.48 (National Institutes of Health, Bethesda, MD, USA) was used to semi-quantify band intensity.

Silencing of BCN1
-----------------

Small interfering (si)RNA targeting mouse BCN1 (siBCN1) and scrambled control siRNA (siControl) were chemically synthesized by Wuhan Myhalic Biotechnology Co., Ltd. (Wuhan, China). Cells were plated in 6-well plates at the density of 2×10^5^/well and cultured for 24 h in growth medium without antibiotics, after which they were transfected with siRNAs (30 nM) using Lipo fectamine^®^ 2000 reagent (cat. no. 11668027; Invitrogen; Thermo Fisher Scientific, Inc.) and cultured for 6 h at 37°C. Subsequently, the medium was changed and RT-qPCR was performed 24, 48 and 72 h post-transfection, in order to assess the silencing effect; the most efficient siRNA was thus selected. A total of 24 h post-transfection using the selected siRNA, differentiation medium was added and the cells were treated with or without AICAR (10 *μ*m) for 8 days at 37°C. After 8 days, total RNA was collected from each group and RT-qPCR was performed to relatively quantify the expression levels of ALP, OCN and Runx2. In addition, ALP activity was assessed 8 days post-transfection. The siRNA sequences were as follows: siBCN1-I, sense 5′-GAUGGUGUCUCUCGAAGAUTT-3′, antisense 5′-AUCUUCGAGAGACACCAUCTT-3′; siBCN1-II, sense 5′-GGCACAAUCAAUAAUUUCATT-3′, antisense 5′-UGAAAUUAUUGAUUGUGCCTT-3′; siBCN1-III, sense 5′-GGAGUGGAAUGAAAUCAAUTT, antisense 5′-AUUGAUUUCAUUCCACUCCTT-3′; and siControl, sense 5′-UUCUCCGAACGUGUCACGUTT-3′ and antisense 5′-ACGUGACACGUUCGGAGAATT-3′. The silencing effect of the selected siRNA was verified by RT-qPCR and western blot analysis at 24, 48 and 72 h post-transfection.

Statistical analysis
--------------------

All experiments were repeated at least three times and the results are expressed as the means ± standard error of the mean. The statistical analysis was performed using SPSS 19.0 software. The statistical analysis of differences between groups was evaluated by Student\'s t-test, or one-way analysis of variance followed by Fisher\'s least significant difference test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Radiographic and histological analysis of bone healing status in rabbits
------------------------------------------------------------------------

A total of 16 weeks following surgery, the bilateral forelimbs of the rabbits in both groups were examined by radiography. As shown in [Fig. 1A](#f1-ijmm-41-05-2535){ref-type="fig"}, rabbits in the healing group all achieved bony union in the radiuses, whereas nonunion was observed in the group that underwent 20 mm radial bone osteotomy, thus confirming the nonunion model had been successfully generated. Masson staining detected the maturation process of newly formed bone by staining osteoid and connective tissues blue, whereas mineralized bone was dyed red. The results indicated that new bone formation took place in both groups; however, the mineralization process of the healing group was more prominent and faster compared with in the nonunion group, as illustrated by a higher percentage of red staining at the same timepoints (4, 8, 12, 16 weeks post-operation) in the healing group ([Fig. 1B](#f1-ijmm-41-05-2535){ref-type="fig"}). Collectively, these results suggested that new bone mineralization and maturation is restrained in the nonunion group.

Expression levels of AMPK and autophagy-associated markers in calluses
----------------------------------------------------------------------

The present study examined the protein expression levels of AMPK, p-AMPK and autophagy-associated markers (LC3B and p62) in the calluses at various timepoints (4, 8, 12 and 16 weeks post-operation) by immunohistochemistry. As shown in [Fig. 1C](#f1-ijmm-41-05-2535){ref-type="fig"}, there was no obvious difference in the expression of AMPK between the two groups 4 weeks after surgery, whereas p-AMPK and LC3B expression was higher, and p62 expression was lower in the healing group. With regards to other time-points, no marked differences were detected between the groups. These results indicated that AMPK activation and autophagic activity were reduced in the nonunion group 4 weeks post-operation.

AMPK activation stimulates the osteogenic differentiation of MC3T3-E1 cells
---------------------------------------------------------------------------

ALP, OCN and Runx2 have been identified as typical markers of osteogenic differentiation ([@b23-ijmm-41-05-2535]). To investigate whether AMPK activation may stimulate the differentiation and mineralization of MC3T3-E1 cells, AICAR was added to the osteogenic differentiation medium in the presence or absence of compound C for 8 days, and the mRNA expression levels of ALP, OCN and Runx2 were assessed by RT-qPCR. In addition, ALP activity was detected by BCIP/NBT staining. Alizarin red staining was also applied to evaluate mineralization after 21 days of culture with the indicated treatment. AICAR significantly promoted the mRNA expression levels of ALP, OCN and Runx2 in a dose-dependent manner, whereas compound C, the AMPK inhibitor, reversed the effects of AICAR ([Fig. 2A](#f2-ijmm-41-05-2535){ref-type="fig"}). In addition, BCIP/NBT staining indicated that AICAR enhanced ALP activity, whereas compound C suppressed the effects of AICAR in a dose-dependent manner ([Fig. 2B](#f2-ijmm-41-05-2535){ref-type="fig"}). Furthermore, AICAR enhanced the mineralization of MC3T3-E1 cells, whereas compound C inhibited the effects of AICAR ([Fig. 2C and D](#f2-ijmm-41-05-2535){ref-type="fig"}). Taken together, these results indicated that AMPK activation may promote the differentiation and mineralization of MC3T3-E1 osteoblasts.

AMPK activation induces autophagy in MC3T3-E1 cells
---------------------------------------------------

To determine whether AMPK activation induces autophagy, MC3T3-E1 cells were treated with AICAR for 24 h in the presence or absence of compound C; the protein expression levels of AMPK and p-AMPK, as well as the autophagy markers LC3B-I, LC3B-II and p62, were assessed by western blot analysis ([Fig. 3A--D](#f3-ijmm-41-05-2535){ref-type="fig"}). Furthermore, autophagosomes were detected by transmission electron microscopy ([Fig. 3E and F](#f3-ijmm-41-05-2535){ref-type="fig"}). Treatment with AICAR significantly stimulated activation of AMPK after 30 min of treatment; p-AMPK expression reached its peak after 24 h of AICAR treatment. In addition, LC3B-II expression was increased after 30 min of AICAR treatment, whereas p62 expression was downregulated after 4 h; the lowest expression levels were detected at 24 h ([Fig. 3A](#f3-ijmm-41-05-2535){ref-type="fig"}). Relative autophagosome density was higher following 24 h of AICAR treatment compared with in the control group ([Fig. 3E and F](#f3-ijmm-41-05-2535){ref-type="fig"}). These results suggested that AICAR may stimulate AMPK activation and autophagy. To further confirm that AMPK activation by AICAR could induce autophagy, cells were incubated with AICAR for 24 h in combination with compound C, which is a specific AMPK inhibitor. As demonstrated in [Fig. 3B](#f3-ijmm-41-05-2535){ref-type="fig"}, compound C markedly reduced LC3B-II expression, whereas p62 expression was increased. In addition, relative autophagosome density was markedly reduced by compound C compared with in the AICAR group. Taken together, these results indicated that AMPK activation may induce autophagy.

AMPK activation enhances differentiation and mineralization in MC3T3-E1 cells via the induction of autophagy
------------------------------------------------------------------------------------------------------------

The aforementioned results demonstrated that AMPK activation could stimulate osteoblast differentiation and mineralization, during which autophagy was also induced. The present study subsequently examined whether the effects of AMPK activation on osteoblast differentiation and mineralization were mediated by autophagy induction. MC3T3-E1 cells were cotreated with AICAR and the following autophagy inhibitors: 3-MA, which suppresses initiation of autophagosome formation, and CQ, which inhibits the degradation of cargoes in the autophagosome, thus suppressing the final steps of autophagy. Western blot analysis verified the inhibition of autophagy by 3-MA and CQ ([Fig. 4A and B](#f4-ijmm-41-05-2535){ref-type="fig"}). The results revealed that 3-MA and CQ markedly reduced ALP activity ([Fig. 4C](#f4-ijmm-41-05-2535){ref-type="fig"}), and the mRNA expression levels of ALP, OCN and Runx2 in AICAR-treated cells ([Fig. 4D](#f4-ijmm-41-05-2535){ref-type="fig"}). In addition, mineralization was suppressed by 3-MA and CQ compared with in cells treated with AICAR alone ([Fig. 4E](#f4-ijmm-41-05-2535){ref-type="fig"}). To further confirm that the stimulatory effects of AMPK activation on osteoblast differentiation were due to autophagy, siRNA against BCN1 was used to more specifically inhibit autophagy. siBCN1-II was selected as the most efficient siRNA ([Fig. 5A](#f5-ijmm-41-05-2535){ref-type="fig"}) and the silencing effect was confirmed by RT-qPCR and western blot analysis ([Fig. 5B and C](#f5-ijmm-41-05-2535){ref-type="fig"}). As shown in [Fig. 5D and E](#f5-ijmm-41-05-2535){ref-type="fig"}, ALP activity, and ALP, OCN and Runx2 mRNA expression were markedly decreased by siBCN1-II compared with in the AICAR group. Collectively, these results provide evidence to suggest that autophagy is involved in osteoblast differentiation and mineralization induced by AMPK activation.

Discussion
==========

The results of the present study suggested that bone maturation is impaired in a rabbit model of nonunion, which was accompanied by decreased AMPK activation and autophagic activity in the early phase of fracture healing (4 weeks post-surgery). Furthermore, *in vitro* experiments indicated that AMPK activation induces autophagy, as well as osteoblast differentiation and mineralization, which can be reversed by the AMPK inhibitor compound C, by inhibition of autophagy with pharmacological inhibitors, or by BCN1 gene silencing. These results suggested that AMPK activation may promote osteoblast differentiation and mineralization via the induction of autophagy.

Osteoblasts, which are derived from mesenchymal precursor cells, are responsible for bone formation, and have a vital role in bone development and fracture repair ([@b24-ijmm-41-05-2535]). As osteoblasts differentiate, they secrete collagen and eventually form a mineralized extracellular matrix. Due to their increased expression during the differentiation process, ALP, OCN and Runx2 are widely used as markers to assess osteoblast differentiation ([@b23-ijmm-41-05-2535]). Osteoblast differentiation can be regulated by diverse molecules and signaling pathways, including Runx2, osterix, BMPs and Wnts ([@b25-ijmm-41-05-2535],[@b26-ijmm-41-05-2535]). Agents capable of stimulating osteoblast differentiation have been reported to be beneficial for bone formation; for example, metformin and statins can stimulate bone formation by inducing BMP-2 and eNOS expression ([@b27-ijmm-41-05-2535],[@b28-ijmm-41-05-2535]). Furthermore, drugs that target osteoblast differentiation to enhance bone formation have been applied in some clinical situations; for example, recombinant human-BMP-2 has been used to strengthen spinal fusion and BMP-7 has been used for the treatment of long-bone nonunion ([@b25-ijmm-41-05-2535]).

Nonunion refers to a situation where a bone fracture fails to heal over a prolonged period of time; it is not rare, with an overall incidence of 5-10% among patients with fractures ([@b29-ijmm-41-05-2535]). Nonunion can be caused by numerous factors, including a large bone defect, infection, mechanical instability, soft tissue interposition, loss of vascularization and severe soft tissue damage ([@b30-ijmm-41-05-2535]-[@b33-ijmm-41-05-2535]). However, the underlying molecular mechanism remains elusive. Fracture healing is a complex physiological process in which several factors and cells interact in a coordinated manner ([@b34-ijmm-41-05-2535]). Osteoblasts have an essential role in new bone formation and bone remodeling by producing osteoid, which then becomes mineralized during the differentiation process ([@b35-ijmm-41-05-2535]). In the present study, radiographs captured 16 weeks post-operation detected nonunion in the nonunion group. Masson staining revealed that bone mineralization and maturation was markedly delayed in the nonunion group, which may be attributed to the prolonged existence of osteoid and impairment of the mineralization process. Based on these findings, it may be hypothesized that osteoblast differentiation is impaired in the development of nonunion.

AMPK has been recognized as a key energy sensor and metabolic modulator in regulating cell proliferation, differentiation, apoptosis, autophagy and mitochondrial function via various signaling pathways ([@b36-ijmm-41-05-2535]-[@b38-ijmm-41-05-2535]). It has been reported that activation of AMPK is able to stimulate osteoblast differentiation via eNOS and BMP-2 expression, as well as through the SMAD family member 1/5/8-Dlx5-Runx2 signaling pathway ([@b10-ijmm-41-05-2535],[@b28-ijmm-41-05-2535]). Furthermore, AMPK activity has been reported to serve a crucial role in *in vitro* bone nodule formation and *in vivo* bone mass maintenance; knockout of AMPK gene expression may result in reduced cortical and trabecular bone parameters ([@b8-ijmm-41-05-2535]). The present results were in accordance with those of previous studies and indicated that activation of AMPK could enhance the differentiation and mineralization of MC3T3-E1 cells.

It has previously been demonstrated that autophagy is induced during the differentiation process of osteoblasts, and deficiencies in the expression of autophagy-essential genes may result in decreased mineralization capacity; furthermore, autophagic vacuoles may act as vehicles for the secretion of mineralization matrix ([@b1-ijmm-41-05-2535]). Notably, mechanical stress, which is an important stimulator for bone cells and can improve bone strength, has been revealed to be able to induce autophagy in osteoblasts; however, the process is transient ([@b39-ijmm-41-05-2535],[@b40-ijmm-41-05-2535]). In line with these results, the present study indicated that autophagy was induced during AMPK-promoted MC3T3-E1 osteogenic differentiation, and inhibition of auto phagy prevented the differentiation process.

A previous *in vitro* study demonstrated that a significant increase in osteoblast mineralization could be observed after 3-4 weeks cultivation ([@b5-ijmm-41-05-2535]). In addition, *in vivo* experiments revealed that hard callus and new bone formation could be detected in the margin of bone ends in rabbits 4 weeks after radius defect creation ([@b41-ijmm-41-05-2535]). The present results from immunohistochemical staining of AMPK, p-AMPK, LC3B and p62 in the calluses of fracture ends 4 weeks after surgery indicated that AMPK activity, as well as autophagy, was increased in the healing group compared with in the nonunion group. These events occurred at almost the same time period; therefore, considering the important role osteoblasts, AMPK and autophagy have in bone formation and remodeling, it may be hypothesized that AMPK and autophagy are involved in osteoblast differentiation, mineralization and the fracture healing process *in vivo*.

Inoki *et al* reported that AMPK may promote the initiation of autophagy via inhibition of mTOR ([@b42-ijmm-41-05-2535]). Furthermore, it has been revealed that AMPK may induce autophagy via direct phosphorylation of ULK1, which is essential in the initiation of autophagy ([@b43-ijmm-41-05-2535]). AMPK could also induce autophagy by directly phosphorylating the phosphatidylinositol 3-kinase catalytic subunit type 3 complex and BCN1, which are essential for autophagosome formation ([@b44-ijmm-41-05-2535]). Consistent with these results, the present study suggested that AMPK activation could induce autophagy in MC3T3-E1 cells.

The present study has some limitations. Firstly, the *in vivo* experiment was based on observation; agonists or inhibitors of AMPK and autophagy were not used to treat the animals, as there is insufficient evidence supporting the efficiency of these agents when applied *in vivo*. In addition, the signaling pathway by which AMPK activation induces autophagy and how autophagy stimulates osteoblast differentiation were not investigated; therefore, further research is required to elucidate these issues.

In conclusion, the results of the present study demonstrated that AMPK activation may stimulate osteoblast differentiation and mineralization through the induction of autophagy. In addition, AMPK activation and autophagy may be involved in the fracture healing process *in vivo*. The present study provides evidence to suggest that enhancing AMPK activation and autophagic activity may be a potential novel approach to promote fracture healing.
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![New bone mineralization and maturation is restrained in the nonunion group, accompanied by decreased AMPK activation and autophagic activity. (A) X-ray image showing the healing status of radial defects 16 weeks following surgery. (B) Masson staining (magnification, ×200) detected osteoid (blue) and mineralized bone (red) in calluses obtained from normal bone (control) and fracture ends 4, 8, 12 and 16 weeks post-surgery. (C) Immunohistochemical staining of AMPK, p-AMPK and autophagy-associated markers (LC3B and p62) 4 weeks after surgery (magnification, ×400). AMPK, adenosine monophos-phate-activated protein kinase; LC3B, microtubule-associated proteins 1A/1B light chain 3B; p-AMPK, phosphorylated-AMPK.](IJMM-41-05-2535-g00){#f1-ijmm-41-05-2535}

![AMPK activation promotes the differentiation and mineralization of MC3T3-E1 cells. (A and B) Cells were treated with AICAR (A+, 1 *μ*M; ++, 10 *μ*M) and compound C (C+, 0.1 *μ*M; ++, 1 *μ*M) in differentiation medium for 8 days. (A) ALP, osteocalcin and Runx2 mRNA expression were detected by reverse transcription-quantitative polymerase chain reaction. (B) 5-Bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium staining was used to determine ALP activity. (C) Cells were cultured for 21 days; representative images (magnification, ×100) of mineralized nodules stained by Alizarin red staining are presented. (D) Quantification of Alizarin red staining with cetylpyridinium chloride. Absorbance was measured at 550 nm. ^\*^P\<0.05, ^\*\*^P\<0.01 compared with the control group; ^\#^P\<0.05, ^\#\#^P\<0.01 compared with the A++ group. AICAR, 5-aminoimdazole-4-carboxamide-1-β-D-ribofuranoside; ALP, alkaline phosphatase; AMPK, adenosine monophosphate-activated protein kinase; Rnx2, runt-related transcription factor 2.](IJMM-41-05-2535-g01){#f2-ijmm-41-05-2535}

![AMPK activation induces autophagy. (A) Cells were treated with AICAR and (B) AICAR (A++, 10 *μ*M) + compound C (C++, 1 *μ*M) for 24 h, after which western blot analysis was performed. (C and D) Semi-quantitative analysis of western blotting was conducted using ImageJ software and density values were normalized to β-actin, with the control group set as 1. (E) Cells were treated with AICAR (10 *μ*M) or AICAR (10 *μ*M) + compound C (1 *μ*M) for 24 h. Representative images of autophagosomes were captured by transmission electron microscopy (scale bar, 0.2 *μ*m). (F) Relative quantification of autophagosome density; values of the control group were set as 1. ^\*^P\<0.05, ^\*\*^P\<0.01 compared with the control group; ^\#^P\<0.05, ^\#\#^P\<0.01 compared with the AICAR(A++) group. AICAR, 5-aminoimdazole-4-carboxamide-1-β-D-ribofuranoside; AMPK, adenosine monophosphate-activated protein kinase; LC3B, microtubule-associated proteins 1A/1B light chain 3B; p-AMPK, phosphorylated-AMPK.](IJMM-41-05-2535-g02){#f3-ijmm-41-05-2535}

![AMPK activation enhances differentiation and mineralization of MC3T3-E1 cells via the induction of autophagy. (A) Cells were treated with AICAR (10 *μ*M) in the presence or absence of 3-MA (5 mM) or CQ (10 *μ*M) for 24 h, after which western blot analysis was conducted. (B) Semi-quantitative results of western blot analysis. (C and D) Cells were cotreated with AICAR (10 *μ*M) and 3-MA (5 mM) or CQ (10 *μ*M) for 8 days. (C) 5-Bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium staining was used to detect ALP activity. (D) ALP, OCN and Runx2 mRNA expression was detected using reverse transcription-polymerase chain reaction. (E) Cells were cultured for 21 days; representative images (magnification, ×100) of Alizarin red staining are presented. (F) Quantification of Alizarin red staining. ^\*^P\<0.05, ^\*\*^P\<0.01 compared with the control group; ^\#^P\<0.05, ^\#\#^P\<0.01 compared with the AICAR(A++) group. 3-MA, 3-methyladenine; AICAR, 5-aminoimdazole-4-carboxamide-1-β-D-ribofuranoside; ALP, alkaline phosphatase; AMPK, adenosine monophosphate-activated protein kinase; CQ, chloroquine diphosphatase; OCN, osteocalcin; Runx2, runt-related transcription factor 2.](IJMM-41-05-2535-g03){#f4-ijmm-41-05-2535}

![AMPK activation enhances differentiation of MC3T3-E1 cells via the induction of autophagy. (A) Cells were transfected with the indicated siRNAs, and the mRNA expression levels of BCN1 were measured by RT-qPCR 24, 48 and 72 h post-transfection to assess the silencing effect; siBCN1-II was the most efficient siRNA and was used for further study. (B) Cells were transfected with siBCN1-II and siControl, western blot analyis was performed using an antibody against BCN1 24, 48, 72 and 96 h post-transfection, in order to verify the silencing effect. (C) Semi-quantitative results of western blot analysis. (D and E) A total of 24 h post-transfection with siBCN1-II or siControl, differentiation medium was added and cells were treated with or without AICAR (10 *μ*M) for 8 days. (D) 5-Bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium staining was used to detect ALP activity. (E) ALP, OCN and Runx2 mRNA expression was detected by RT-PCR. siControl cells were treated with AICAR. ^\*^P\<0.05, ^\*\*^P\<0.01 compared with the control group; ^\#^P\<0.05, ^\#\#^P\<0.01 compared with the siControl group. AICAR, 5-aminoimdazole-4-carboxamide-1-β-D-ribofuranoside; ALP, alkaline phosphatase; AMPK, adenosine monophosphate-activated protein kinase; BCN1, Beclin 1; OCN, osteocalcin; Runx2, runt-related transcription factor 2; si/siRNA, small interfering RNA.](IJMM-41-05-2535-g04){#f5-ijmm-41-05-2535}
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